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Supplementary Figure 1. The crystal structure of ZrS3 and ZrS2. (a) ZrS3 unit cell 

with a S2
2- vacancy and (b) slow electron-hole recombination of ZrSS2-x. (c-f) 

Comparison of the crystal structures between monoclinic ZrS3 (ICCD PDF no. 30-1498) 

and hexagonal ZrS2 (ICCD PDF no. 11-0679). (c, d) Crystal structure of ZrS3 with [100] 

and [010] views, respectively. (e, f) Crystal structure of ZrS2 with [100] and [010] views, 

respectively. (g) Structure of Sx
2- (x ≥2) ions. It is very difficult for Sx

2- (x ≥2) to interact 

with other metals to form chemical bonds. (h, i) Crystal structure of ZrS3 NB with 

different views. 
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Supplementary Figure 2. XRD spectra of ZrS3, ZrSS2-x(15), and ZrS1-yS2-x(15/100) 

NBs. The x-ray diffraction (XRD) spectrum confirms the formation of ZrS3 in the 

monoclinic phase (ICCD PDF no. 30-1498), and the vacuum annealing and further Li 

treatment did not induce any phase transition in ZrSS2-x(15) and ZrS1-yS2-x(15/100) NBs. 
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Supplementary Figure 3. HRTEM images of (a) ZrS3 and (b) ZrS1-yS2-x(15/100) NBs. 
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Supplementary Figure 4. Statistical length distribution of ZrS3 NBs. (a) SEM 

micrograph of ZrS3 NBs and the corresponding (b) length and (c) width distribution. 

To have a clear view of the length of ZrS3 NBs, the sample for SEM measurements was 

prepared by a suction filtration method, and the pore diameter of the used filter 

membrane is 0.22 μm. 
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Supplementary Figure 5. Statistical width and thickness distribution of ZrS3 NBs. 

(a)-(c) Representative AFM images of ZrS3 NBs. Inset: the corresponding height 

profiles. (d) Thickness distribution of ZrS3 NBs extracted from AFM measurements by 

imaging 100 ZrS3 NBs.  
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Supplementary Figure 6. Tauc plots of the ZrS3, ZrSS2-x(15), and ZrS1-yS2-x(15/100) 

NBs. Since ZrS3 is an indirect bandgap semiconductor,1 the bandgaps of ZrS3, ZrSS2-

x(15), and ZrS1-yS2-x(15/100) NBs are estimated to be 2.02, 2.02, and 1.98 eV 

respectively, based on their absorption spectra (Figure 2e).  
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Supplementary Figure 7. Characterizations of the samples deposited on the FTO 

substrate. (a) SEM-EDS mapping image of the ZrS1-yS2-x(15/100) NBs deposited on 

the FTO substrate, and (b) the corresponding EDS spectrum. (c) Raman spectra of the 

ZrS1-yS2-x(15/100) NBs before and after the deposition on the FTO substrate. (d) Mott–

Schottky plots of ZrS3 and ZrSS2-x(15) NBs magnified from Figure 2f to have a view 

of their Efbs. Mott−Schottky plots recorded at 1000 Hz with a 5 mV amplitude in the 

0.5 M Na2SO4 solution with 0.1 M benzylamine (without illumination).  
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Supplementary Figure 8. Schematic diagrams of band structures for (a) ZrS3 and (b) 

ZrSS2-x(15). 
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Supplementary Figure 9. Raman properties of the defective ZrS3 NBs. (a) 

Schematic showing the Raman active mode of I: Ag
rigid. Ag

rigid is related to the vibration 

of quasi-one-dimensional chains in the direction of the c axis, which keeps the Zr–S 

bond length fixed within each chain. (b) Raman spectra of the ZrS3, ZrSS2-x(15), ZrS1-

yS2(100), and ZrS1-yS2-x(15/100) NBs. 
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Supplementary Figure 10. Representative Raman spectra of the defective ZrS3 

NBs. (a) Raman spectra of the ZrS3 NBs treated by the Li-treatment with different Li 

amount. (b) The enlarged Ag
rigid model from (a). (c) Raman spectra of the ZrS3 NBs 

treated by the vacuum annealing for different time. (d) The enlarged Ag
s–s model from 

(c). 
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Supplementary Figure 11. 3D histograms of the (a) Ag
rigid shift and (b) Ag

s–s shift for 

different samples. 
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Supplementary Figure 12. XPS results of the defective ZrS3 NBs. (a) Zr 3d XPS 

spectra of ZrS3, ZrSS2-x(15), ZrS1-yS2(100), and ZrS1-yS2-x(15/100). (b) S 2p XPS 

spectra of ZrS3 and ZrSS2-x(15). (c) S 2p XPS spectra of ZrS3 and ZrS1-yS2(100). (d) S 

2p XPS spectra of ZrS1-yS2(100) and ZrS1-yS2-x(15/100). 
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Supplementary Figure 13. Representative S 2p XPS spectra of the defective ZrS3 

NBs. (a) S 2p XPS spectra of the ZrS3 NBs treated by vacuum annealing for different 

time. (b) S 2p XPS spectra of the ZrS3 NBs treated with different Li amount. 
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Supplementary Table 1. The summary of x and y values of ZrS1-yS2-x NBs by different 

treatments, as extracted from the XPS measurements. 
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Supplementary Figure 14. 3D histograms of the extracted (a) x and (b) y values for 

different samples from XPS measurements. 
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Supplementary Figure 15. Representative EPR spectra of the defective ZrS3 NBs 

and the crystal structure of ZrS3. (a) EPR spectra of the ZrS3 NBs treated by vacuum 

annealing for different time. (b) EPR spectra of the ZrS3 NBs treated with different Li 

amount. (c) HAADF-STEM images of ZrS3. (d) Crystal structure of the ZrS3 NB from 

the [010] view.  
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Supplementary Figure 16. The activity of photocatalytic H2O2 generation for different 

defective ZrS3 NBs under AM1.5G simulated sunlight irradiation. Conditions: 30 ml 

aqueous solution with 1 mmol benzyl alcohol, 50 mg photocatalysts. 
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Supplementary Figure 17. Time-dependent formation of H2O2 over the ZrS1-yS2-

x(15/100) photocatalyst. (a) UV-vis absorption spectrum changes of H2O2 generation 

of ZrS1-yS2-x(15/100) under AM1.5G simulated sunlight irradiation. Conditions: 30 ml 

aqueous solution with 1 mmol benzylamine, 50 mg photocatalysts. (b) Time-dependent 

change in H2O2 concentration during photoreaction for the ZrS1-yS2-x(15/100) 

photocatalyst with the presence of benzyl alcohol and benzylamine, respectively. 
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Supplementary Figure 18. Reproducibility of H2O2 generation for ZrS1-yS2-x(15/100) 

NBs from 9 batches. Conditions: AM1.5G simulated sunlight irradiation, 30 ml 

aqueous solution with 1 mmol benzyl alcohol, 50 mg photocatalysts, 5 h duration for 

the reaction. Different batches represent the samples synthesized at different timing. 

The average of the H2O2 generation rate was determined to be 89.6 μmol h-1 with the 

standard deviation of 1.54 μmol h-1.  
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Supplementary Figure 19. The stability of the ZrS1-yS2-x(15/100) photocatalyst. (a) 

Results of H2O2 generation for a repeated photoreaction sequence with ZrS1-yS2-

x(15/100) under AM1.5G simulated sunlight irradiation. Conditions: 30 ml aqueous 

solution with 1 mmol benzyl alcohol, 50 mg photocatalysts. The comparison of (b) 

XRD patterns, (c) Raman spectra, and (d) S 2p XPS spectra of the ZrS1-yS2-x(15/100) 

NBs before and after the 15 h photocatalytic test.  
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Supplementary Figure 20. Gas Chromatography-Mass Spectrometry (GC-MS) 

analysis for ZrS1-yS2-x(15/100). (a) GC spectrum of the extracted ethyl acetate solution. 

Corresponding MS spectra of (b) peak 1 and (c) peak 2. Conditions: 30 ml aqueous 

solution with 1 mmol benzylamine, 50 mg photocatalysts, 5 h reaction time, AM1.5G 

simulated sunlight irradiation. 
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Supplementary Table 2. The activity of photocatalytic H2O2 generation and/or 

benzylamine oxidative coupling reaction.a Errors are the standard error of the mean for 

9 independent samples. 

 

Entry Catalyst 
BN rate 

(μmol h-1) 

Sel 

(%)c 

H2O2 rate 

(μmol h-1) 

1b ZrS3 - - 30.3 ± 1.3 

2 ZrS3 7.0 ± 1.0 >99% 18.1 ± 1.2 

3b ZrSS2-x(15) - - 58.5 ± 1.7 

4 ZrSS2-x(15) 20.7 ± 1.2 >99% 48.0 ± 1.2 

5b ZrS1-yS2-x(15/100) - - 89.6 ± 1.5 

6 ZrS1-yS2-x(15/100) 32.0 ± 1.2 >99% 78.1 ± 1.5 

a Reaction conditions: 30 ml aqueous solution with 1 mmol benzylamine, 50 mg 

catalysts, 1 atm O2, AM1.5G simulated sunlight (1 sun) irradiation. b 1 mmol benzyl 

alcohol instead of benzylamine. c Determined by GC analysis. 
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Supplementary Table 3. A detailed comparison of photocatalytic H2O2 production by 

recently reported state-of-the-art oxide-based photocatalysts. 

 

Material Reaction conditions Irradiation conditions H2O2 yield AQY Ref 

ZrS1-yS2-x(15/100) 
O2; 1.67 g/L (catalyst); 

water + benzyl alcohol  

AM1.5G simulated sunlight, 

100 mW cm-2 
450 μmol (5h) 

11.4 and 10.8 % at 400 

and 500 nm 

This 

work 

ZrS1-yS2-x(15/100) 
O2; 1.67 g/L; water + 

benzylamine 

AM1.5G simulated sunlight, 

100 mW cm-2 
390 μmol (5h) - 

This 

work 

Resins O2; 1.67 g/L; water 
Xe-lamp, 420-700 nm, 14 mW 

cm-2 
99 μmol (24h) 8 % at 420 nm 2 

Oxygen-enriched 

g-C3N4 

O2; 1.67 g/L; water + 2-

propanol 

Xe-lamp, λ≥420nm, 35.2 mW 

cm-2 
730 μmol (5h) 

28.5 and 10.2 % at 365 

and 420 nm 
3 

g-

C3N4/PDI/rGO0.05 
O2; 1.67 g/L; water 

Xe-lamp, 420-500 nm, 4.3 mW 

cm-2 
29 μmol (24h) 6.1 % at 420 nm 4 

(K, P, O)-g-C3N4 

O2; 0.5 g/L; water + 

ethanol 

Xe-lamp, λ≥420nm, 726.8 mW 

cm-2 
1.7 mm (7 h) 

26.2 and 8 % at 320 

and 420 nm 
5 

g-C3N4/PDI51 
O2; 1.67g/L; water + 2-

propanol 

Xe-lamp, 420−500 nm, 2.69 

mW cm-2 
210 μmol (6h) - 6 

CdS-graphene 

oxide 

O2; 0.5 g/L; water + 

methanol 
λ = 420nm, 23 mW cm-2 95 μM (1h) - 7 

m-WO3/FTO-

CoII(Ch)/CP 
O2; seawater 

AM1.5G simulated sunlight, 

100 mW cm-2 
48 mM (24 h) - 8 

MIL-125-NH2 
O2; 0.71 g/L; benzyl 

alcohol/water 
λ≥420nm 2.4 mM (3 h) - 9 

rGO/Cd3(TMT)2 
O2; 4 g/L; water + 

methanol 
λ≥420nm 7 mM (24 h) 6.8 % at 450 nm 10 

Au/MoS2 
O2; 1 g/L; water + 

methanol 
Real sunlight irradiation 

791.72 μM 

(6h) 
- 11 
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Supplementary Figure 21. Open-circuit potentials of the ZrS3, ZrSS2-x(15), and ZrS1-

yS2-x(15/100) NBs as a function of time in 0.5 M Na2SO4 with 0.1 M benzylamine. 
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Supplementary Figure 22. Periodic on/off photocurrent response measured in 0.5 M 

Na2SO4 with 0.1 M benzylamine at 0.4 VRHE for the ZrS3, ZrSS2-x(15), and ZrS1-yS2-

x(15/100) NBs. The enhanced photocurrent densities of the ZrSS2-x(15), and ZrS1-yS2-

x(15/100) NBs indicate that both S2
2- and S2- vacancies play a key role in improving the 

carrier lifetime and dynamics.  
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Supplementary Figure 23. Dynamics of surface charge transfer and recombination. 

(a) Typical experimental IMPS response measured in 0.5 M Na2SO4 with 0.1 M 

benzylamine at 0.4 VRHE for the ZrS3, ZrSS2-x(15), and ZrS1-yS2-x(15/100) NBs. (b) 

Generalized reaction schematics showing the competition between charge transfer and 

recombination. kt and krec are the first order rate constants for charge transfer and surface 

recombination, respectively. 
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Supplementary Notes 

Supplementary Note 1. To accurately measure the NB thickness, AFM was used to 

obtain the height-calibrated data by imaging over 100 ZrS3 NBs. Three representative 

AFM images of NBs are shown in Supplementary Figure 5a-c, which all show the ratio 

of width/thickness larger than 15. This suggests that all three samples display the typical 

characteristics of “NBs“. As shown in Supplementary Figure 5d, the thickness 

distribution shows that the average thickness of NB is 38 nm with the peak rangeing 

from 25 to 45 nm. 

Supplementary Note 2. To check whether any iodine is trapped within the thin film, 

the SEM-EDS were conducted on the sample of ZrS1-yS2-x(15/100) deposited on the 

FTO substrate. The SEM-EDS mapping image (Supplementary Figure 7a) and the 

corresponding EDS spectrum (Supplementary Figure 7b) clearly reveal that no iodine 

is trapped within the film. The sample on the FTO substrate was further analyzed by 

Raman measurement. As shown in Supplementary Figure 7c, no obvious change was 

observed in the Raman spectra after the deposition of ZrS1-yS2-x(15/100) on the FTO 

substrate, indicating that the deposition process does not affect the photocatalyst. 

Supplementary Note 3. As shown in Figure 2f, g, and Supplementary Figure 7d, all 

the ZrS3 NBs show the positive slope in the Mott−Schottky plots, indicating the n-type 

semiconducting nature of ZrS3. The carrier density (Nd) was calculated from the slope 

using the following Supplementary Equation (1):12 
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where d(1/C2)/dV, ε0, ε, and e0 represent the straight slope, the dielectric constant of the 

permittivity of vacuum, the dielectric constant of ZrS3 (22 for ZrS3),
13 and the electron 

charge, respectively. The donor densities of ZrS3, ZrSS2-x(15), and ZrS1-yS2-x(15/100) 

were calculated to be 4 × 1018, 5.35 × 1018, and 4.58 × 1019 cm-3 respectively, based on 

Supplementary Equation 1. The dramatic increase of donor density of ZrS1-yS2-x(15/100) 

is mainly due to the introduction of substantial S2- vacancies during the Li treatment, 

which can serve as shallow donors. By extrapolating to 1/C2 = 0, the Efbs of ZrS3, ZrSS2-

x(15), and ZrS1-yS2-x(15/100) are estimated to -0.10, -0.11, and -0.18 VRHE, which 

demonstrates the upward Fermi level shift of ZrS1-yS2-x(15/100).  

The width of depletion region in a semiconductor (wd) can be calculated using the 

following Supplementary Equation (2):14, 15, 16  
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where ΔϕSC is the potential drop in the space charge region. Since the photocatalysis 

occurs under the open-circuit with illumination, the ΔϕSC can be evaluated by the 

difference of the open-circuit potential (EOC) under the illumination and Efb.
15 As shown 

in Supplementary Figure 21, the EOCs of ZrS3, ZrSS2-x(15), and ZrS1-yS2-x(15/100) are 

determined to be 0.4, 0.37, and 0.39 VRHE, respectively, corresponding to the ΔϕSCs of 

0.5, 0.48, and 0.57 VRHE. Therefore, the calculated depletion widths in ZrS3, ZrSS2-x(15), 

and ZrS1-yS2-x(15/100) in the solution with illumination are 55, 46, and 17 nm, 

respectively. This suggests a significant band bending occurring on the surface of ZrS1-
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yS2-x(15/100), which leads to the fast extraction of holes toward the surface and restricts 

the internal band-to-band recombination. 

Supplementary Note 4. As shown in Supplementary Figure 15c, the interplanar 

spacings for the (010) and (100) planes of ZrS3 are 0.37 and 0.51 nm, respectively. The 

exposed (001) plane consists of S2 and S3 atoms that can be aligned in the [100] 

direction (Supplementary Figure 15d), and thus the location of S2 and S3 can be 

determined by measuring the distance between the atoms in [100] direction. As a result, 

the atom sites in the TEM image can be specified. 

Supplementary Note 5. The change in H2O2 concentration with time over the ZrS1-yS2-

x(15/100) photocatalyst was tested to investigated the rates for formation and 

decomposition of H2O2. As shown in Supplementary Figure 17b, both rates for 

formation and decomposition of H2O2 with the presence of benzyl alcohol and 

benzylamine follow the zero- and first-order kinetics toward H2O2 concentration, 

respectively. The kinetic data are therefore explained by the Supplementary Equation 

3:  

[H2O2] = (kf/kd){1 - exp(-kdt)}                     (3) 

where kf (μmol h-1) and kd (h
-1) are the rate constants for formation and decomposition 

of H2O2, respectively. The ZrS1-yS2-x(15/100) photocatalyst shows the kf values of 125 

and 113 μmol h-1 with the presence of benzyl alcohol and benzylamine, respectively, 

and the kd values of 0.14 and 0.16 h-1 with the presence of benzyl alcohol and 

benzylamine, respectively. 
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Supplementary Note 6. To extract the carrier lifetime, an open-circuit voltage decay 

measurement was conducted on the samples under the irradiation of simulated solar 

light in 0.5 M Na2SO4 with 0.1 M benzylamine (Supplementary Figure 21). 17, 18, 19, 20 

The kinetics of charge recombination was investigated by monitoring the transient Eoc 

as a function of time when turning off the illumination. Once the illumination is 

terminated, the accumulated electrons will be redistributed due to the charge 

recombination until the Fermi level reaches a new level, resulting in a gradual Eoc 

decay to the original level. The carrier lifetimes (τ) at different potentials can thus be 

determined from the Eoc decay using Supplementary Equation 4:17, 18, 19, 20  

     1d
= ( )

d

OCB
Ek T

e t
 −                           (4) 

where kB is the Boltzmann constant, T is the temperature, and e is the electron charge. 

Supplementary Note 7. IMPS is a convenient way of measuring the rate constants for 

charge transfer and recombination. 21, 22, 23, 24 For the IMPS measurement, all the 

samples were illuminated by a narrow-band white LED light (100 mW cm-2). As shown 

in Supplementary Figure 23a, the IMPS spectra show a typical semicircle in the first 

quadrant, representing the surface charge transfer and recombination process. The rate 

constants kt and krec can be extracted from the semicircle in the first quadrant of the 

IMPS dates using the simple phenomenological theory (Supplementary Figure 23b).22, 

23 At the low-frequency limit, the plot intersects the real axis at the point IL = I0kt/(kt + 

krec). I0 is the current density corresponding to the flux of photogenerated minor carriers 

towards the surface. As the frequency increases, the relaxation in the concentration of 

photogenerated holes at the semiconductor surface is characterized by fmax1, which is 
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the frequency at the maximum of the semicircle in the first quadrant where 2πfmax1 = kt 

+ krec. At the high-frequency limit, the plot intersects the real axis at the point IH = I0. 

Thus, the kt and krec can be calculated. 
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